The oceans are an important sink for anthropogenically produced CO 2 , and on time scales longer than a century they will be the main repository for the CO 2 that humans are emitting. Our knowledge of how ocean uptake varies (regionally and temporally) and the processes that control it is currently observation-limited. Traditionally, and based on sparse observations and models at coarse resolution, ocean uptake has been thought to be relatively invariant. However, in the few places where we have enough observations to define the uptake over periods of many years or decades, it has been found to change substantially at basin scales, responding to indices of climate variability. We illustrate this for three well-studied regions: the equatorial Pacific, the Indian Ocean sector of the Southern Ocean, and the North Atlantic. A lesson to take from this is that ocean uptake is sensitive to climate (regionally, but presumably also globally). This reinforces the expectation that, as global climate changes in the future owing to human influences, ocean uptake of CO 2 will respond. To evaluate and give early warning of such carbonclimate feedbacks, it is important to track trends in both ocean and land sinks for CO 2 . Recent coordinated observational programmes have shown that, by organization of an observing network, the atmosphere-ocean flux of CO 2 can, in principle, be accurately tracked at seasonal or better resolution, over at least the Northern Hemisphere oceans. This would provide a valuable constraint on both the ocean and (by difference) land vegetation sinks for atmospheric CO 2 .
might have increased by 40 per cent over the pre-industrial concentrations. Later modelling efforts [3, 4] were 'box model' descriptions calibrated using the observed distribution of 14 C in the oceans, as measured by the Geochemical Ocean Sections (GEOSECS) campaigns of the early 1970s. At that period, it was not known whether the terrestrial biosphere was taking up CO 2 or was at a steady state: it seemed possible that the anthropogenic carbon budget was a simple balance between fossil-fuel emission, ocean uptake and accumulation in the atmosphere. However, by the early 1990s, it became clear that there was both a substantial terrestrial source from deforestation, and a 'missing sink', which was identified as net uptake by the land vegetation.
Since then, attempts to separate the ocean and land uptakes have proliferated, mostly by methods that attempt to define the ocean sink. The Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4) lists seven quasi-independent methods of deriving the annual global ocean CO 2 uptake. Some of these are strongly model-based, using biogeochemical ocean carbon models (e.g. [5, 6] ). Others combine models and observations, such as calculations of ocean 'anthropogenic' carbon using observations of oxygen, nutrients and carbon in the ocean [7, 8] and inversion modelling of ocean or atmosphere [9, 10] . Finally, some are mostly observation-based with little reliance on complex models, such as the estimates based on atmospheric O 2 /N 2 ratios and CO 2 [11] , and those derived by integrating observations of sea-surface pCO 2 over the entire surface of the global ocean [12] . All these methods derive subtly different quantities. Without reviewing them exhaustively, we note here the most important differences between them. Some yield the total flux across the surface ocean, while others give only a part of it, and it is important to understand why is this so. The actual net air-sea flux is usually expressed as the sum of that due to natural processes, which can be either a net ingassing or outgassing, and a flux forced by rising atmospheric CO 2 , labelled 'anthropogenic' and always directed into the ocean. However, this decomposition is only strictly valid if the ocean circulation has been in steady state since pre-industrial times: if it has not been, it is more difficult to say exactly what the anthropogenic component refers to. Of course, in detail, the ocean is never in a steady state, and even if it had been from pre-industrial times up to now, we would not expect it to remain so under future climate change. The 'natural' part of the CO 2 flux can therefore be further broken down into a pre-industrial component, itself subject to natural oscillations and variability with time, and changes since the industrial revolution due to the secondary effects of rising CO 2 on climate, ocean circulation and biogeochemistry: we might term these last effects 'indirect anthropogenic'.
Attempts to assess the ocean sink for CO 2 using sea-surface pCO 2 , observations, inversions of CO 2 in the atmosphere or total carbon in the ocean, all calculate the total atmosphere-ocean flux, i.e. the sum of preindustrial, direct and indirect anthropogenic components. While for individual basin-wide areas the net flux can be in either direction, integrated over the entire surface of the global ocean it is thought that pre-industrially the oceans were a net source to the atmosphere of 0.4-0.7 Pg C yr −1 [13] . This is the socalled 'riverine flux', which before the Industrial Revolution ran in a circuit from oceans to atmosphere, from there to land vegetation, from soils into rivers and thence back to the ocean, so that overall each component was closely in balance. Because of this pre-industrial outgassing by the ocean, the global 'anthropogenic' flux (direct plus indirect) into the oceans is this much greater today than the total flux actually measurable [12] . In contrast to the direct measurement techniques, in model assessments, the anthropogenic uptake can be unambiguously defined, and most model studies report the anthropogenic flux as the amount by which ocean uptake has increased since the Industrial Revolution, which is the quantity most usually needed in anthropogenic carbon budgets (e.g. [14] ). The widely used atmospheric oxygen technique for quantifying land and ocean sinks divides total land-plus-ocean CO 2 uptake into a component that is accompanied by a stoichiometric oxygen release, assumed to be due to land vegetation, with the residual assumed to be due to oceanic uptake. A correction is necessary for the outgassing of oxygen because of the warming of the ocean [11] . Although we can make a good estimate of this warming correction, a further adjustment would be needed if the size of the approximately 700 Pg C reservoir of dissolved organic carbon in the ocean is changing systematically. Because observations of organic carbon in the ocean are much more sparse and less accurate than those of the inorganic carbon, there is currently no way to address this issue. While the ocean flux derived from the oxygen technique is not precisely equivalent to either the 'anthropogenic' or the 'actual' ocean-atmosphere flux, it is closer to the anthropogenic flux derived by models. All the methods give values consistent with the net anthropogenic flux being about 2.2 Pg C yr −1 during the 1990s, with uncertainty estimates of approximately 0.6 Pg C yr −1 .
Is the sink increasing or decreasing?
The expectation is that the ocean sink for CO 2 has been increasing in recent decades. All ocean models predict that, with current rates of increase of CO 2 in the atmosphere, and with ocean circulation and chemistry still only relatively slightly perturbed, the amount going into the ocean should presently be increasing (e.g. [14] ). This is borne out by some observational studies, with, nevertheless, substantial uncertainty attached to them, based on attempts to quantify the rate of change of the ocean inventory of anthropogenic carbon [15] . However, in the future this may change owing to a number of feedback processes operating via the oceans. The possibilities identified so far mostly tend to decrease the sink, and are therefore positive feedbacks on climate. The two most important are likely to be the decreasing buffer capacity of the oceans due to increasing CO 2 concentration in surface waters, and a reduction in the vertical circulation due to increasing surface ocean stratification. The first of these is an inevitable chemical consequence of rising CO 2 -other things being equal, the amount of CO 2 that must be added to sea water to equilibrate it with a given increase in atmospheric CO 2 partial pressure decreases with each successive increment. The second effect would be a consequence of climate change that caused a warming and/or freshening of surface waters. This might reinforce the chemical buffering effect, by trapping water at the surface for a longer period, so that its CO 2 concentration had more time to equilibrate with the atmosphere and therefore rose further. Alterations in the global circulation consequent on climate change will inevitably bring a wider array of influences on ocean uptake, with the likelihood of changes in the efficiency of the biological pump [16] , the supply of nutrients such as phosphorus, nitrogen and iron, and the alkalinity of surface waters. It would be desirable to better observe the ocean sink in order to have early warning of any such changes. While we are presently a long way from this goal, in a few locations in the world ocean, we have time series of surface measurements that are also spatially extensive, covering important parts of an ocean basin, which demonstrate how we might put in place an effective and useful observing system. These observations also show that the ocean-atmosphere flux over such ocean regions is very dynamic and coupled to indices of regional climate variability. We briefly describe these regional time series below. • E, almost covering the whole width of the Pacific Ocean [17] . In addition to the TAO-related observations, the equatorial Pacific has been the focus of many oceanographic studies during the Joint Global Ocean Flux Study (JGOFS) era (e.g. [18] ). This concentration of effort has led to an unparalleled dataset for sea-surface pCO 2 , from which air-sea fluxes can be calculated. The carbon observations in the region are found to correlate well with sea-surface temperature [19] , allowing satellite temperature observations to be used to interpolate detail between the carbon observations.
Direct observation of regional basin-scale changes
The eastern and central equatorial Pacific is a large year-round source of carbon dioxide to the atmosphere, the outgassing being driven by the upwelling of waters from below the thermocline, due in turn to the equatorial divergence of surface currents [20] . In the western equatorial Pacific, the thermocline deepens and is frequently separated from the surface layer by a 'barrier layer' topped by a weak pycnocline, so that the upwelling water is not sourced from below the thermocline and is not high in CO 2 . The waters of this warm pool are close to equilibrium with the atmosphere. During El Niño conditions, the warm pool expands considerably and the thermocline deepens in the eastern Pacific, both leading to a reduction of the equatorial outgassing of CO 2 to the atmosphere, so that there is a strong El Niño/La Niña signal in the resulting CO 2 fluxes. Feely et al. [17] also identified a change in regime which they associated with the changing phase of the Pacific Decadal Oscillation (PDO), evident when comparing periods before 1986 and after 1990. Before this transition, the region seems to have been a slowly decreasing source of CO 2 to the atmosphere, with the surface pCO 2 changing little while atmospheric CO 2 rose steadily. After this time, surface ocean pCO 2 tends to increase in parallel with the atmospheric increase. Therefore, equatorial Pacific carbon data show the ocean-atmosphere fluxes responding to both El Niño-Southern Oscillation (ENSO) and PDO climate indices, with a particularly emphatic response to the El Niño/La Niña signal.
Increasing Southern Annular Mode index and flatlining of the Southern Ocean sink
Models suggest that the Southern Ocean is the largest sink region for anthropogenic CO 2 . In the region dominated by circumpolar flow, there is a net drift of surface water to the north due to the wind-driven Ekman flux. To supply this flow, a proportion of the surface water must be recently upwelled, and therefore has not previously been exposed to the rising atmospheric CO 2 .
While at the surface, it takes up a larger amount, or perhaps releases a smaller amount, of CO 2 than it would have done pre-industrially (in either case, this qualifies as a flux of 'anthropogenic CO 2 ' into the water). Much of the surface water is then subducted into the interior north of the polar front, after a year or less at the surface, most of it forming Antarctic Intermediate water, and it takes the atmospheric CO 2 with it into the ocean interior. In the most southerly region, away from the circumpolar current, there is a net southward flow, which feeds bottom water formation over the continental shelves, and this process can also remove anthropogenic CO 2 from the surface to the deepest ocean water. As atmospheric CO 2 continues to rise, most models suggest that this sink should be increasing, but Le Quéré et al. [21] used inversions of atmospheric measurements around the Southern Ocean to suggest that it has actually remained on average constant over the last two decades. During this period, wind speeds over the Southern Ocean have increased by nearly 20 per cent, a consequence of the more positive polarity of the Southern Annular Mode (SAM), which measures the strength of the pressure gradient between the sub-antarctic and mid-latitudes. Le Quéré et al. attribute this levelling out of the Southern Ocean CO 2 sink to the increase in winds, leading to greater upwelling in the region, which increases the 'natural' (e.g. pre-industrial) outgassing associated with this upwelling [22] . They suggest that this effect counteracts the increased uptake, and that the net effect has been a roughly constant sink. (For the ocean as a whole, we might expect a net increase in uptake, as the net uptake is limited by ocean overturning and this has increased. Nevertheless, locally in the Southern Ocean the uptake remains level.)
Though for the Southern Ocean as a whole, we have very incomplete coverage of oceanic observations of CO 2 , in the Indian Ocean sector we do have a long time series, thanks to the French Oiso and Minerve programmes. These have used pCO 2 observations made since 1991 on the regular voyages of the R/V Marion Dufresne, the supply ship to the French Southern Territories, including Amsterdam, Crozet and Kerguelen islands. Figure 1 shows a compilation of these observations, which have recently been discussed in more detail by Metzl [23] . The apparently large scatter on the graph is not solely due to the innate variability of the ocean, but also reflects the fact that all seasons, and a great range of latitudes, are plotted here. The trend in the surface ocean CO 2 is nevertheless well defined. It is rising faster than the atmospheric CO 2 , so that the ocean sink in this region might be expected to decrease on this account. On the other hand, the increase in wind speeds over the region will tend to drive an increase in the flux into the ocean: the overall effect is that the sink in this region has remained roughly constant over this nearly 20-year interval, in line with the treatment of Le Quéré et al. [21] . It is suggested that the causes of this flattening out of the Southern Ocean sink are Antarctic ozone depletion and increasing CO 2 concentrations, which climate models predict are the main reasons for the strengthening of the polar vortex and thus the SAM in recent decades [24] .
The North Atlantic CO 2 sink and the North Atlantic Oscillation
The time series in the equatorial Pacific and the southern Indian Ocean have made use of the voyages of logistics supply vessels operating in comparatively remote oceans. In more travelled regions, a regular coverage of large ocean areas is possible by taking advantage of commercial vessels on major shipping routes. Commercial ships frequently sail over the same route approximately monthly, so that comparatively dense time series are possible. Typically, the ships are fitted with instrumentation that automatically measures sea-surface pCO 2 and related variables using engine room intakes [25] ; however, periodic manual sampling can deliver data of similar utility. In both the North Atlantic and Pacific, commercial ships have been used in this way since the early 1990s for CO 2 observations. Long time series to date are in the Atlantic, on shipping routes between the UK and the Caribbean [25, 26] and between Newfoundland and Iceland [27] , where in each case data are available stretching back to the mid-1990s, though with substantial gaps before 2002.
The North Atlantic is of great interest because it is an intense sink region for atmospheric CO 2 . The largest proportion of this flux is 'natural', e.g. it was occurring prior to the Industrial Revolution, and there is an additional component due to anthropogenic uptake. As water flows northward from the tropics in the Gulf Stream and its extension across the North Atlantic temperate zone, it cools and takes up carbon dioxide from the atmosphere. If water remains at the surface and recirculates, it eventually will give up the CO 2 on returning southward. However, in the North Atlantic, a good fraction of the north-going water sinks and returns southward sub-surface, and by this process transports any atmospheric CO 2 absorbed at the surface into the ocean interior. On both of the UK-Caribbean and Iceland-Newfoundland routes, we observe that the flux into the water declined in strength between the mid-1990s and the early 2000s. Figure 2 [28] shows that, over most of the region, the rise in surface water pCO 2 was more rapid than the atmospheric rise, with the trend being most pronounced towards the north of the region. The rates of rise were calculated as linear fits to the data available in the 5
• × 5
• squares, after accounting for a sinusoidal seasonal cycle, and the figure also incorporates data from the European Station for Time Series in the Ocean (ESTOC: González-Dávila et al. [29] ) and Bermuda Atlantic Time Series (BATS) [30] sites in the eastern and western subtropical North Atlantic.
It is probable that the decline in the uptake of CO 2 by the northern North Atlantic over this time period is linked to change of the phase of the North Atlantic Oscillation (NAO), which is the dominant climate mode over this region [26, 28, 31] . The wintertime NAO was strongly positive for about a decade up to the mid-1990s, but subsequently, up to the early 2000s, was negative or neutral. A positive NAO corresponds to a more northerly track for winter cyclones in the North Atlantic, with the result that cooling and deep convection are favoured in the Labrador Sea, leading to substantial transformation of surface water into intermediate water. Copious formation of the Labrador Sea deep water occurred during the early 1990s, causing the subpolar gyre of the North Atlantic to expand and circulate more actively, taking up more atmospheric CO 2 . After 1995, deep convection in the Labrador Sea ceased, and the subpolar gyre shrank and span down over subsequent years.
However, the relationship of the NAO to CO 2 uptake in the North Atlantic as a whole is not a simple cause and effect. Observations of the flux into the ocean over the UK-Caribbean route during the period 2002-2007 show a steady rise from a low point in 2002 to a peak in 2005, followed by a decline [32] . The NAO index does not show this pattern, and over this period has not shown a clear trend in the way it did in the decade of the 1990s; so it is probable that other climate trends have had more influence on the circulation of the North Atlantic during this period.
An observational strategy for the ocean CO 2 sink
Between 2005 and 2008, as part of the CarboOcean project funded by the European Commission, a network, shown in figure 3 , usually consisting of five or six 'voluntary observing ships' (VOS) plying regular routes in the North Atlantic, was in operation. These included the longer running commercial ship lines described above, with several more lines begun specifically for the project. To these sources of observations were added the fixed time series at ESTOC and BATS, and regular observations in the Caribbean made by NOAA [33] . A year of operations of this network has recently been reported [32] . The network enabled a detailed seasonal and spatial description of the pattern of air-sea flux over the entire North Atlantic region. Surface CO 2 observations were correlated with re-analyses of sea-surface temperature and mixed layer depth to enable reconstruction of basin-wide fluxes.
During CarboOcean, perhaps a more significant result than the estimate of the flux into the North Atlantic was the analysis of the uncertainties inherent in the estimate based on this prototype network. Several different methods were applied to estimate the uncertainties inherent in the reconstructions. Because seasurface CO 2 patterns are heterogeneous on all scales larger than a few kilometres, no single technique is unequivocally the best at determining the uncertainty, but both statistical methods applied to the CO 2 data, and experiments in subsampling of a one-twelfth degree resolution model [34] were used to make these estimates. All the techniques, discussed in detail in the electronic supplementary material of the paper by Watson et al. [32] , suggest that, for the basin-wide annually averaged flux into the North Atlantic, the network was able to define the sink with a (1s) precision of 10 per cent or better. The precision of these studies in defining the annual average sink is therefore good, perhaps surprisingly so. This comes about because there are sufficient observations to provide a statistically representative subsample of conditions over the whole region, with no season or region that contributes greatly to the flux remaining unsampled. We are careful here to quote a precision, rather than absolute accuracy, because there may be a systematic error associated with the gas transfer velocity parametrization. For much of the last two decades it has been common to quote nearly a factor of two uncertainty on this account, but recent advances have largely resolved these discrepancies, so the systematic error is unlikely now to be greater than 20 per cent [33, 35] .
Conclusion
Ocean CO 2 uptake varies with regional climate indices, as the observations we have reviewed here clearly show. This has some important consequences for our attempts to understand and predict future anthropogenic CO 2 budgets. It confirms that ocean uptake is sensitive to climate change-something we would predict in any case from our present understanding of what controls the atmosphere-ocean flux. While the absolute amount of anthropogenic CO 2 entering the oceans has been increasing modestly in recent decades, the fraction of anthropogenic emissions being taken up by the ocean appears to have been declining. For example, Sabine et al. [36] calculate that 42 ± 7 per cent of fossilfuel plus net biosphere emissions have been taken up by the oceans since the Industrial Revolution. However, the IPCC calculate that, between 1980 and 2005, ocean uptake accounted for only 37 ± 7 per cent [37] . Most predictions based on IPCC scenarios for future emissions suggest that this fraction will decline further in the coming century (e.g. [37, fig. 7 .13]). The declining fraction going into the ocean occurs despite the fact that the absolute amount going into the ocean increases over this time period. It is due in part simply to an increasing CO 2 emission rate but also due to the changes in ocean chemistry and stratification discussed above. Quantifying the ocean sink will be complicated by its short-term and regional variability, and our goal over the next few years should be to put in place a network of observations that is sufficient to track this variability. The experience in the North Atlantic shows that this is possible, at least for the Northern Hemisphere oceans and probably for the majority of the Southern Hemisphere as well. We have shown that in principle it is possible to quantify the ocean sink to within about 10 per cent on an annual and regional basis, and by doing so we can help to constrain the overall land vegetation sink to a considerable degree. Such an observing network is an essential component of a global observing system of carbon dioxide besides supporting physical, chemical and biological parameters. Many commercial vessels trade across ocean basins along regular routes, as e.g. in the North Atlantic, giving the opportunity to obtain repeated measurements to study temporal and spatial variability [38] . These observations are crucial if we are to know how the Earth system is responding to the disturbances to which we are subjecting it in the twenty-first century.
